Recent advances in the theory and experimental realization of ferromagnetic semiconductors give hope that a new generation of microelectronic devices based on the spin degree of freedom of the electron can be developed. This review focuses primarily on promising candidate materials ͑such as GaN, GaP and ZnO͒ in which there is already a technology base and a fairly good understanding of the basic electrical and optical properties. The introduction of Mn into these and other materials under the right conditions is found to produce ferromagnetism near or above room temperature. There are a number of other potential dopant ions that could be employed ͑such as Fe, Ni, Co, Cr͒ as suggested by theory ͓see, for example, Sato and Katayama-Yoshida, Jpn. J. Appl. Phys., Part 2 39, L555 ͑2000͔͒. Growth of these ferromagnetic materials by thin film techniques, such as molecular beam epitaxy or pulsed laser deposition, provides excellent control of the dopant concentration and the ability to grow single-phase layers. The mechanism for the observed magnetic behavior is complex and appears to depend on a number of factors, including Mn-Mn spacing, and carrier density and type. For example, in a simple Ruderman-Kittel-Kasuya-Yosida carrier-mediated exchange mechanism, the free-carrier/Mn ion interaction can be either ferromagnetic or antiferromagnetic depending on the separation of the Mn ions. Potential applications for ferromagnetic semiconductors and oxides include electrically controlled magnetic sensors and actuators, high-density ultralow-power memory and logic, spin-polarized light emitters for optical encoding, advanced optical switches and modulators and devices with integrated magnetic, electronic and optical functionality.
I. INTRODUCTION
There is currently a lot of interest in the science and potential technological applications of spin-transport electronics ͑or spintronics͒, in which the spin of charge carriers ͑electrons or holes͒ is exploited to provide new functionality for microelectronic devices.
1- 23 The phenomena of giant magnetoresistance and tunneling magnetoresistance have been exploited in all-metal or metal-insulator-metal magnetic systems for read/write heads in computer hard drives, magnetic sensors and magnetic random access memories. The reader is referred to past reviews on these topics. 2,9,16,24 -28 The development of magnetic semiconductors with practical ordering temperatures could lead to new classes of device and circuits, including spin transistors, ultradense nonvolatile semiconductor memory and optical emitters with polarized output.
Most of the past attention on ferromagnetic semiconductors has focused on the ͑Ga,Mn͒As ͑Refs. 2 and 29-52͒ and ͑In,Mn͒As ͑Refs. 53-60͒ systems. In samples carefully grown single phase by molecular beam epitaxy ͑MBE͒, the highest Curie temperatures reported are ϳ110 K for ͑Ga,Mn͒As ͑Ref. 30͒ and ϳ35 K for ͑In,Mn͒As. 13 For ternary alloys such as (In 0.5 Ga 0.5 ) 0.93 Mn 0.07 As, the Curie temperature is also low ϳ110 K. 61 A tremendous amount of research on these materials systems has led to some surprising results, such as the very long spin lifetimes and coherence times in GaAs ͑Ref. 4͒ and the ability to achieve spin transfer through a heterointerface, [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] of either a semiconductor/ semiconductor or metal semiconductor. One of the most effective methods for investigating spin-polarized transport is by monitoring the polarized electroluminescence output from a quantum-well light-emitting diode into which the spin current is injected. Quantum selection rules that relate the initial carrier spin polarization and the subsequent polarized optical output can provide a quantitative measure of the injection efficiency. 67, [69] [70] [71] There are a number of essential requirements for achieving practical spintronic devices in addition to the efficient electrical injection of spin-polarized carriers. These include the capability to transport the carriers with high transmission efficiency within the host semiconductor or conducting oxide, the capability to detect or collect the spin-polarized carriers and to be capable of controlling transport through external means such as biasing of a gate contact on a transistor structure. The observation of spin current-induced switching in magnetic heterostructures is an important step in realizing practical devices. 80 Nitta et al. 81 demonstrated that spinorbit interaction in a semiconductor quantum well could be controlled by applying a gate voltage. These key aspects of spin injection, spin-dependent transport, manipulation and detection form the basis of current research and future technology. The use of read sensors based on metallic spin valves in disk drives for magnetic recording is already a $US100 billion per year industry. It should also be pointed out that spintronic effects are inherently tied to nanotechnology, because of the short (ϳ1 nm) characteristic length of some of the magnetic interactions. Combined with the expected low power capability of spintronic devices, this should lead to extremely high packing densities for memory elements. A recent review of electronic spin injection, spin transport and spin detection technologies has recently been given by Buhrman 82 as part of a very detailed and comprehensive study of the status and trends of research into spin electronics in Japan, Europe and the U.S. The technical issues covered fabrication and characterization of magnetic nanostructures, magnetism and spin control in these structures, magnetooptical properties of semiconductors and magnetoelectronics and devices. 83 The nontechnical issues covered included industry and academic cooperation and long-term research challenges. The panel findings are posted on the Web. 83 The purpose of this review is to focus on a particular emerging aspect of spintronics, namely, recent developments in achieving practical magnetic ordering temperatures in technologically useful semiconductors, including wide band gap nitrides and oxides. While the progress in synthesizing and controlling the magnetic properties of III-arsenide semiconductors has been astounding, the reported Curie temperatures are too low to have significant practical impact. A key development that focused attention on wide band gap semiconductors as being the most promising for achieving high Curie temperatures was the work of Dietl et al. 84 They employed the original Zener model of ferromagnetism 85 to predict T C values that exceeded room temperature for materials such as GaN and ZnO containing 5% of Mn and a high hole concentration (3.5ϫ10 20 cm Ϫ3 ). Figure 1 shows a compilation of the predicted T C values, together with classification of the materials ͑e.g., group IV semiconductors, etc.͒. Since the appearance of the Dietl et al. 84 paper, remarkable progress has been made on the realization of materials with T C values at or above room temperature.
II. CANDIDATE MATERIALS

A. Semiconductors: Group III nitrides and phosphides
The wide band gap group III-nitrides ͑GaN, InN, AlN and their ternary and quaternary analogs͒ have been the focus of much attention in the last decade because of their application to blue/green/UV light-emitting diodes, 86 laser diodes, 87 solar-blind UV detectors 88 and high-power, high temperature electronics. 89, 90 They can be grown in thin film form on lattice-mismatched substrates such as sapphire, SiC, Si and various oxides. This has been necessitated by the absence of commercially available large area bulk nitride substrates. The resulting high dislocation density in the nitride thin films ͑typically 10 8 -10 10 cm Ϫ2 , measured by transmission electron microscopy͒ has some deleterious effects on the reliability and produces excess leakage current in devices such as lasers. However, the commercial impact of nitride light emitters in allowing higher density data storage systems, visible displays ͑such as traffic signal lights͒ and potential use in indoor lighting applications using either white-light-emitting diodes ͑LEDs͒ ͑made by exciting appropriate phosphors with blue GaN LEDs͒ or color combining the output of red, green and blue LEDs has been so great that rapid progress is also occurring for growth of GaN substrates and quasisubstrates that alleviate some of these problems. One of the key entries in Table I is that for the maximum hole concentration reported in p-type material. In GaN, the most common acceptor dopant is Mg, with an ionization energy of ϳ 170 meV. At room temperature, therefore, only a few percent of the acceptors are ionized to provide holes. While the acceptor concentration can easily exceed 10 19 cm Ϫ3 , the room temperature hole concentration is typically only 1 -3ϫ10 17 cm Ϫ3 in GaN͑Mg͒. There are some indications that codoping both donors and acceptors ͑with a slight excess of the latter͒ into GaN can reduce selfcompensation effects and produce higher hole concentrations. 94 -97 An alternative method for increasing the hole concentration is the use of selectively Mg-doped AlGaN/GaN superlattices, in which there is transfer of free The relevance of these doping limitations comes from the fact that if the ferromagnetism in wide band semiconductors is carrier induced and its magnitude is proportional to the hole concentration ͑as in some models͒, then attention should be focused on these candidate materials which can be readily doped. Table II shows some related properties of wide band gap phosphide and arsenide semiconductors. 103 The InGaAlP system, with its wide band gap binary ͑GaP, AlP͒ and ternary ͑InGaP, AlGaP, AlInP͒ components, is used for devices such as visible light-emitting diodes and laser diodes ͑the band gap ranges from 1.9 eV for In 0.49 Ga 0.51 P which is lattice matched to GaAs substrates, to 2.3 eV for (Al x Ga 1Ϫx ) 0.51 In 0.49 P with xϭ0.66), heterojunction bipolar transistors and high electron mobility transistors. Binary compounds AlP and AlAs are unstable in air and oxidize rapidly unless covered with a capping layer. GaP is closely lattice matched to Si and introduces the possibility of integrating ferromagnetic semiconductors with existing Si microelectronics. Chalcopyrite materials are much less developed than the InGaAlP system and less is known about their doping properties and control of defects during growth.
B. Semiconducting oxides
In addition to nitrides, one can also consider transitionmetal doped semiconducting oxides as potential spintronic materials. In fact, the theory by Dietl et al. 84 predicts room temperature ferromagnetism for Mn-doped p-type ZnO. ZnO is a direct band gap semiconductor with E g ϭ3.35 eV. The room temperature Hall mobility in ZnO single crystals is on the order of 200 cm 2 V Ϫ1 s Ϫ1 . 104 ZnO normally has a hexagonal ͑wurtzite͒ crystal structure with aϭ3.25 Å and c ϭ5.12 Å. Electron doping via defects originates from Zn interstitials in the ZnO lattice. 105 The intrinsic defect levels that lead to n-type doping lie approximately 0.05 eV below the conduction band. High electron carrier density can also be realized via group III substitutional doping. While n-type 106 However, the resistivity of these films was high with ϳ100 ⍀ cm, suggesting that the mobile hole concentration was very low. Work by Rouleau et al. 107 on N-doped ZnO films shows that N incorporation does not necessary yield p-type behavior. In this case, nitrogen doping in epitaxial ZnO films was achieved using a rf nitrogen plasma source in conjunction with pulsed laser deposition. However, they showed no p-type behavior as determined by Hall measurements. Ab initio electronic band structure calculations for ZnO based on the local density approximation show that the Madelung energy decreases with n-type doping, consistent with experimental results for electron doping with Al, Ga, or In. 108 With N doping for holes, the Madelung energy increases, with significant localization of the N states. The theory does predict that codoping N with Ga to form an N-Ga-N complex can decrease the Madelung energy and delocalize the N states, thus facilitating hole doping. Using pulsed laser deposition, Joseph et al. have reported p-type behavior in ZnO thin films prepared by codoping Ga and N. 109 Electrically active N was achieved by passing N 2 O gas through an electron cyclotron resonance plasma source. The authors reported low resistivity (ϭ2 ⍀ cm, carrier density ϳ4ϫ10 19 cm Ϫ3 ) p-type ZnO codoped with Ga and N in which the Ga concentration ranged from 0.1% to 5%. Unfortunately, these results have proven highly sensitive to processing conditions, and have been difficult to reproduce.
While there has been significant effort that has focused on nitrogen doping, almost no reported work exists for either As or P doping. However, p -n junction-like behavior was reported for n-type ZnO in which the surface was heavily doped with phosphorus. 110 Laser annealing a zinc phosphidecoated ZnO single crystal surface achieved the doping. A related result was reported for epitaxial ZnO films on GaAs subjected to annealing. 111 In this case, a p-type layer was produced at the GaAs/ZnO interface. Both of these reports are promising, but present several unresolved issues related to the solid solubility of the dopant ͑ionic radii of As, P much larger than that for O͒ and possible secondary phase formation in the doped region.
In addition to ZnO, one can also consider other semiconducting oxides. Table III shows the relevant properties for a number of oxide candidate materials. Both experimental and theoretical results suggest that carrier-mediated ferromagnetism in semiconductors is more favorable with p-type conductivity. This depends on the semiconductor and the magnetic species. For example, in EuX ͑where XϭS, Se, etc.͒, the exchange is principally through the conduction band states even when they are not occupied. 23 Since the formation of p-type ZnO with high carrier density may prove challenging, it may be advantageous to explore the possibility of using oxide semiconductors that have been shown to exhibit p-type conduction with high carrier densities. Cu 2 O is the only known binary p-type semiconducting oxide; it possesses a direct band gap of 2.0 eV and reasonably high room temperature hole mobility of ϳ100 cm 2 V Ϫ1 s Ϫ1 . In Cu 2 O, p-type conductivity is due to copper vacancies that introduce an acceptor level ϳ0.5 eV above the valence band. The structure is cubic, with aϭ4.27 Å.
In addition to Cu 2 O, recent work in transparent conducting oxides has produced p-type behavior in semiconducting delafossite oxide materials. 111 For example, CuAlO 2 possesses the delafossite ͑hexagonal͒ crystal structure with a ϭ2.86 Å and cϭ11.31 Å, and a band gap of ϳ3.5 eV. Carrier densities on the order of 10 17 cm Ϫ3 with Hall mobility of 10 cm 2 V Ϫ1 s Ϫ1 have been measured. P-type conductivity is achieved via defects that introduce shallow acceptor levels. The CuAlO 2 phase has the advantage over Cu 2 O of possessing two cation sites for possible magnetic substitution, including the Al ϩ3 site that could yield an acceptor level with substitution of Mn ϩ2 . Interestingly, it has been shown that CuCrO 2 forms in the delafossite structure and is a p-type semiconductor when doped with Ca.
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III. THEORY OF MAGNETIC SEMICONDUCTORS
There are a number of existing models for the observed magnetism in semiconductors and conducting oxides. The Dietl et al. 84 near-field model considers the ferromagnetism to be mediated by delocalized or weakly localized holes in p-type materials. 113 The magnetic Mn ion provides localized spin and acts as an acceptor in most III-V semiconductors so that it can also provide holes. This treatment assumes that the Mn-doped III-V materials are charge transfer insulators and does not apply when d-shell electrons participate in charge transport. The spin-spin coupling is assumed to be a longrange interaction, allowing use of a mean-field approximation. The Curie temperature for a given material, Mn concentration and hole density is then determined by the competition between ferromagnetic and antiferromagnetic interactions. The model takes into account the anisotropy of the carrier-mediated exchange interaction related with the spin-orbit coupling in the host material. The T C is proportional to the density of Mn ions and the hole density.
In the absence of carriers, the magnetization M O (H) is dependent on the Brillouin function B s according to 84, 113 
where g is the degeneracy factor, B is the Bohr magneton, S is the localized spin state, N O is the concentration of cation sites, N O X eff is the effective spin concentration, k B is the Boltzmann constant and the antiferromagnetic ͑AF͒ temperature T AF describes the sum of the exchange interactions to the Curie-Weiss temperature. In the presence of carriers, the magnetization is represented as
where F C ͓ M ͔ is the hole contribution to the free-energy functional F, which is dependent on the magnetization of the localized spin. From this relation, T C can be expressed [113] [114] [115] [116] 
where ␤ is the p -d exchange integral, A F is the Fermi liquid parameter and P S is the total density of states. By substituting the appropriate materials parameters into this relation, the predicted values for T C shown in Fig. 1 are obtained. Recent Monte Carlo simulations of carrier-mediated ferromagnetism in semiconductors have also appeared 117, 118 and have led to some differences from the mean-field approach. The latter usually overestimate the stability of ordered phases, which may lead to overly optimistic predictions for critical temperatures. 118 The kinetic-exchange model finds that collective spin-wave excitations are important and allows self-consistent accounting of spatial inhomogeneities, free-carrier exchange and free-carrier spin polarization. [119] [120] [121] Both the mean-field approach and kinetic-exchange model have been applied to a number of different phenomena in magnetic semiconductor systems including quantum wells, 122 interlayer coupling in superlattices, 121 temperature dependence of magnetization and heat capacity, 120 magnetic domain characteristics, 123 magnetic anisotropy, 124 and long-wavelength magnetic properties. 125 It is certainly fair to say that the origin of ferromagnetism in wide band gap semiconductors is still not totally understood. Many aspects of the experimental data can be explained by the mean-field model ͓which is based on Ruderman-Kittel-Kasuya-Yosida ͑RKKY͒ interaction͔. However, ferromagnetism has been observed in samples that have very low hole concentrations, in insulting material and more recently in n-type material. Recent models have taken into account these observations of ferromagnetism in nondegenerate samples, and included consideration of indirect exchange interactions caused by virtual electron excitations from magnetic impurity acceptors to the valence band 126 or the effects of positional disorder 127, 128 which lead to unusual spin and charge transport properties and the shape of the magnetization curve. In some cases, positional disorder of the magnetic impurities is found to enhance the ferromagnetic transition temperature. 119 Self-consistent mean-field approaches have also been used to predict a Curie temperature enhancement in GaAs/GaMnAs digital alloy superlattices relative to the value in a bulk GaMnAs alloy with the same average Mn fraction, 129 and in ␦-doped layers of Mn in a quantum well, due to improved confinement of holes. 130 An alternative approach that uses local density functional calculations indicated that the magnetic impurities may form small nanosize clusters ͑just a few atoms in dimension͒ that produce the ferromagnetism observed. 131 This would be difficult to detect by most characterization techniques.
Additional studies have predicted which magnetic dopants should be most effective in GaN ͑e.g., V, Cr, Mn, Fe͒ without additional doping to produce carriers, 19, 97, 132 and chemical trends were identified. 147 Note that not all of the materials are degenerately doped p type. In mean-field theories it is difficult to achieve ferromagnetism in n-type semiconductors due to their generally smaller s -d interaction. In these types of theory, the sp -d interactions are regarded as the effective magnetic field acting on the carriers, so that when spontaneous magnetization and holes are present, the resultant spin splitting in the valence band lowers the system energy.
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IV. EXPERIMENTAL RESULTS
Let us now examine in more detail the experimental results for some of the key wide band gap materials.
A. "Ga,Mn…P
Ferromagnetism above room temperature in ͑Ga,Mn͒P has been reported for two different methods of Mn incorporation, namely, ion implantation 141 and doping during MBE growth. 141, 142 The implantation process is efficient for rapidly screening whether particular combinations of magnetic dopants and host semiconductors are promising in terms of ferromagnetic properties. We have used implantation to introduce ions such as Mn, Fe and Ni into a variety of substrates, including GaN, 145,148 -155 SiC, 153,156 -158 and GaP. 141, 159 The temperature-dependent magnetization of a strongly p-type (pϳ10 20 ), carbon-doped GaP sample implanted with ϳ6 at. % of Mn and then annealed at 700°C, is shown in Fig. 2 . 141 The diamagnetic contribution was subtracted from the background. A Curie temperature (T C ) of ϳ270 K is indicated by the dashed vertical line, while the inset shows a ferromagnetic Curie temperature of 236 K. Examples of hysteresis loops from the same samples are shown in Fig. 3 . The hysteresis could be detected to 330 K. When Mn was implanted under the same conditions into n-GaP, the T C was reduced to ϳ50 K. 141 No secondary phases ͑such as MnGa or MnP͒ or clusters were determined by transmission electron microscopy, x-ray diffraction or selected-area diffraction pattern analysis.
The Mn can also be incorporated during MBE growth of the ͑Ga,Mn͒P.
142,160 The p-type doping level can be separately controlled by incorporating carbon from a CBr 4 source, 143 while P is obtained from thermal cracking of PH 3 . Overberg et al. 142 have developed a phase diagram for epi growth of this materials system, as shown in Fig. 4 . This can be used to tailor the magnetic properties of the ͑Ga,Mn͒P. For samples grown at 600°C with 9.4 at. % Mn, hysteresis is still detectable at 300 K, with a coercive field of ϳ39 Oe ͑Fig. 5͒.
B. "Ga,Mn…N
The initial work on this material involved either microcrystals synthesized by nitridization of pure metallic Ga in supercritical ammonia or bulk crystals grown in reactions of Ga/Mn alloys on GaN/Mn mixtures with ammonia at ϳ1200°C. [161] [162] [163] [164] These samples exhibit ferromagnetic properties over a broad range of Mn concentrations, as did some of the other early MBE-grown films. 165 More recent reports on epi growth of ͑Ga,Mn͒N have detailed a range of growth conditions producing single-phase material and the resulting magnetic properties. 136, 142, 166 In general, no second phases are found for Mn levels below ϳ10% for growth temperatures of ϳ750°C. The ͑Ga,Mn͒N retains n-type conductivity under these conditions. A powder diffraction scan of a sample with ϳ9 at. % Mn is shown in Fig. 6 ͑top͒. Only peaks from GaN and sapphire are visible. When the Mn concentration is increased significantly, peaks from tetragonal Mn 0.6 Ga 0.4 become visible, as seen in Fig. 6 ͑bottom͒.
Since the predominant secondary phase that forms in bulk ͑Ga,Mn͒N was reported to be Mn 3 N 2 , we wanted to ascertain the stable Mn x N y phase most likely to form under MBE growth conditions. By growing only with Mn and N 2 fluxes, it was determined from powder x-ray diffraction ͑Fig. 7͒ that the thermodynamically stable Mn x N y phase at this growth temperature was Mn 4 N. This phase has not been detected in any of our ͑Ga,Mn͒N films.
In accordance with most of the theoretical predictions, magnetotransport data showed the anomalous Hall effect, negative magnetoresistance and magnetic resistance at temperatures that were dependent on the Mn concentration. For example, in films with very low (Ͻ1%) or very high (ϳ9%) Mn concentrations, the Curie temperatures were between 10 and 25 K. 166 An example is shown in Fig. 8 for an n-type ͑Ga,Mn͒N sample with Mn of ϳ7%. The sheet resistance shows negative magnetoresistance below 150 K, with the anomalous Hall coefficient disappearing below 25 K. When the Mn concentration was decreased to 3 at. %, the ͑Ga,Mn͒N showed the highest degree of ordering per Mn atom.
136 Figure 9͑a͒ shows hysteresis present at 300 K, while the magnetization as a function of temperature is shown in Fig. 9͑b͒ . Data from samples with different Mn concentrations are shown in Fig. 9͑c͒ that indicate ferromagnetic coupling, leading to a lower moment per Mn. Data from fieldcooled and zero field-cooled conditions were further suggestive of room temperature magnetization. 136 The significance of these results is that there are many advantages from a device viewpoint to using n-type ferromagnetic semiconductors.
The local structure and effective chemical valency of Mn in MBE-grown ͑Ga,Mn͒N samples were investigated by extended x-ray absorption fine structure ͑EXAFS͒ spectroscopy. 167 It was concluded that most of the Mn was incorporated substitutionally on the Ga sublattice with an effective valence close to ϩ2 for samples with ϳ2 at. % Mn. 163 There was also evidence that a fraction ͑from 1% to 36%, depending on the growth conditions͒ of the total Mn concentration could be present as small Mn clusters. 167 ͑Ga,Fe͒N films grown by MBE have also been reported. 168 EXAFS data showed that the Fe was substitutional in Ga sites, with ferromagnetic ordering present below ϳ100 K for samples grown at ϳ380°C. 168 Direct evidence of implanted Fe on substitutional Ga sites in GaN has come from emission channeling measurements. 169 It is possible that, with further optimization, GaN films doped with Fe, Ni and other impurities might also show room temperature ferromagnetism.
C. Transition metal doped oxides
In addition to Dietl et al.'s prediction, ferromagnetism in magnetically doped ZnO has been theoretically investigated by ab initio calculations based on local density approximation. 170 Again, the results suggest that ferromagnetic ordering of Mn is favored when mediated by hole doping. However, for V, Cr, Fe, Co, and Ni dopants, ferromagnetic ordering in ZnO is predicted to occur without the need of additional charge carriers. Recently, the magnetic properties of Ni-doped ZnO thin films were reported. 171 For films doped with 3-25 at. % Ni, ferromagnetism was observed at 2 K. Above 30 K, superparamagnetic behavior was observed. In all of these studies, the ZnO material was n type. We want to note that Fukumura et al. have shown that epitaxial thin films of Mn-doped ZnO can be obtained by pulsed laser deposition, with Mn substitution as high as 35% while maintaining the wurtzite structure. 172 This is well above the equilibrium solubility limit of ϳ13%, and illustrates the utility of low-temperature epitaxial growth in achieving metastable solubility in thin films. Codoping with Al resulted in n-type material with carrier concentration in excess of 10 19 cm Ϫ3 . Large magnetoresistance was observed in the films, but no evidence of ferromagnetism was reported.
The theory of Dietl et al. predicting high temperature ferromagnetism for Mn-doped ZnO is specifically for p-type material. Experimental results reported in the literature for Mn-doped ZnO that is n type due to group III donor impurities are consistent with this prediction, and show no ferromagnetism. However, we recently obtained preliminary evidence of ferromagnetism in n-type ZnO, in which Mn and Sn serve as the transition metal and donor impurities, respectively. In these experiments, Mn ions were implanted at elevated temperature into Sn-doped ZnO single crystals. Mag- netization measurements showed clear hysteresis in the B vs H curves. Figure 10 shows the magnetization behavior at 10 K for a Sn-doped ZnO sample implanted with 3 at. % Mn, that clearly indicates ferromagnetism. More work is needed to determine the origin of ferromagnetism in these materials. If carrier-mediated mechanisms are responsible, one must explain why the behavior depends on the specific cation dopant specie chosen ͑Sn vs Al,Ga͒. Additional work is needed to address these issues.
It has recently been reported that anatase (TiO 2 ) doped with Co is a ferromagnetic semiconductor. 139, 140 TiO 2 occurs in three distinct polymorphs, namely, rutile, anatase, and brookite. Rutile is the thermodynamically stable phase at high temperature, and is the most widely studied. Anatase is metastable, but can be stabilized in thin-film form. Undoped rutile is an anisotropic, tetragonal insulator (aϭ4.59 Å, c ϭ2.96 Å) that possesses a band gap of ϳ3 eV. Anatase is also tetragonal (aϭ3.78 Å, cϭ9.52 Å) with a band gap of 3.2 eV. 173 At low temperatures, the permittivity of rutile is ϳ110 along the a -b direction and ϳ240 along the c axis. 174 The static dielectric constant of anatase is 31. 175 TiO 2 can be made an n-type semiconductor with nϳ10 19 /cm 3 via cation substitution or by Ti interstitials. 176, 177 Low temperature electron Hall mobility of the order of 30-100 cm 2 /V s has been reported for rutile. Hall mobility of electron-doped anatase as high as 20 cm 2 /V s has been measured.
V. FUTURE DEVELOPMENTS AND CONCLUSIONS
The breakthroughs over the last few years in the understanding and control of spin-related effects in semiconductors have set the stage for a period of explosive growth in research and technological exploitation of spintronics. Most applications would require room temperature ferromagnetism and this is where materials such as ͑Ga,Mn͒N, ͑Ga,Mn͒P and ͑ZnO͒:Co may have a tremendous impact because their base materials can be produced by highly reproducible growth methods. In the case of the two semiconductors, there are already major technologies in place for visible light-emitting diodes. The expected advantages of spin devices include nonvolatility, higher integration densities, lower power operation and higher switching speeds. The ability to control the ferromagnetism through manipulation of the carrier density in gated semiconductor structures has great promise for integrated logic/memory/sensor chips.
Additional work is needed on the synthesis and control of carrier density in wide band gap semiconductor and conducing oxide thin films and on how the magnetic properties are related to the carrier type and density. Theoretical understanding of the origin of the ferromagnetism is progressing rapidly, but much work is needed to characterize the local environment around the Mn ions and the electrical properties of the Mn 178 and to have models that reproduce features of the experimental data. 179 This will require use of elementspecific techniques such as transmission electron microscopy with Z contrast, EXAFS and various tunneling microscopies to correlate the lattice position and the presence of any nanoclusters with the resultant magnetic properties. Finally, it is imperative to fabricate a wide variety of spin-related device structures in order to identify the factors that limit their performance, which in turn will inevitably lead to improved contacts, cleaner interfaces and a clearer picture of spininjection, control and transport issues. 
